Singlet oxygen is a high-energy molecular oxygen species. As one of the most active intermediates involved in chemical and biochemical reactions, singlet oxygen plays essential roles in plant responses to UV and strong light. Here, we report that Cle, an elicitor derived from fungal cell walls, induces the generation of singlet oxygen in cell cultures of ginseng, Panax ginseng. Cle treatment also triggers the activation of plasma membrane NADPH oxidase and 1-aminocyclopropane-1-carboxylic acid oxidase (ACO), subsequently leading to ethylene release and increased saponin synthesis, as shown by increased mRNA expression of squalene synthase (SQS) and squalene epoxidase (SQE), and accumulation of β-amyrin synthase (β-AS). Suppression of Cle-induced singlet oxygen generation or inhibition of ethylene production blocks saponin synthesis, whereas treatment of ginseng cells with ethylene or singlet oxygen induces the synthesis of saponin. Together, these results indicate that Cle-induced production of both singlet oxygen and ethylene is required for saponin synthesis, and that singlet oxygen may function upstream of ethylene during Cle-induced saponin synthesis.
Introduction
The gaseous plant hormone ethylene regulates many processes during plant growth and development, and is an important mediator of plant defense responses to biotic and abiotic stresses. The first committed step in ethylene biosynthesis, namely the conversion of S-adenosylmethionine (Ado-Met) to 1-aminocyclopropane-1-carboxylic acid (ACC), is catalyzed by ACC synthase. In turn, ACC oxidase (ACO) oxidizes ACC to ethylene (Adams and Yang 1979, Kende 1993) . Ethylene is regarded as an important signal for the induction of defense responses, including the accumulation of phytoalexins in tomato, tobacco, carrot and Arabidopsis thaliana Hoffman 1984, Lawton et al. 1994) . Reactive oxygen species (ROS), including hydrogen peroxide (H 2 O 2 ), superoxide ions, hydroxyl radicals and singlet oxygen, act as signals to induce plant defense responses such as phytoalexin synthesis (Apel and Hirt 2004) . For example, pathogens or elicitors can induce a strong, transient accumulation of H 2 O 2 or superoxide ions, which then trigger the expression of defense genes. In addition, ROS also interact with ethylene during plant cell death induced by superoxide or chemicals (Overmyer et al. 2003 , Gechev et al. 2004 ). Many recent reports have focused on the roles of H 2 O 2 and superoxide in plant resistance to pathogen infection or elicitor stimulation. In contrast, singlet oxygen has mostly been studied in terms of UV-or strong light-induced plant defense responses (Fryer et al. 2002 , Hideg et al. 2002 , Camper et al. 2003 . The role of singlet oxygen in plant defense responses and its interaction with ethylene remain unclear.
Ginseng (Panax ginseng C. A. Meyer), a classical herb widely used in East Asia, provides resistance to stress, disease and exhaustion. In ginseng, the active components are believed to be the glycosylated triterpene saponins, which are also known as ginsengosides. The triterpenoid saponin is a secondary metabolite synthesized by many plant species during normal growth and development. In general, saponin is synthesized via the isoprenoid pathway by cyclization of 2,3-oxidosqualene to oleanane (β-amyrin) or dammarane triterpenoid skeletons, followed by modifications (oxidation, substitution and glycosylation) of the triterpenoid backbone mediated by cytochrome P450-dependent mono-oxygenases, glycosyltransferases and other enzymes (Haralampidis et al. 2002) . Squalene synthase (SQS) and squalene epoxidase (SQE) are responsible for the synthesis of 2,3-oxidosqualene. β-Amyrin synthase (β-AS), catalyzing the cyclization of oxidosqualene into β-amyrin, generates five rings and eight asymmetric centers in a single transformation. Since ginseng saponin has many beneficial bioactive effects on human health, such as anti-tumor, anti-stress, Singlet oxygen and defense response 948 anti-aging and improved immune function, there has been considerable interest in ginseng production in culture. Various studies have used elicitors generated from fungi or from ginseng cells themselves in an attempt to increase saponin levels in ginseng cultures. Moreover, although several signaling intermediates such as ROS, nitric oxide (NO) and jasmonic acid have been proposed to be involved in this process (Neill et al. 2002 , Hu et al. 2003b , Neill et al. 2003 , the detailed mechanism of saponin synthesis remains unknown, and new plant signals remain to be discovered.
Cle is a fungal elicitor derived from cell walls of the fungal pathogen Colletotrichum lagenarium. We have shown previously that Cle can induce H 2 O 2 production and saponin accumulation (Hu et al. 2003d) . Here, we report that Cle also induces the generation of singlet oxygen and ethylene, both of these signals being essential for the subsequent accumulation of saponin. Our data suggest that Cle-induced singlet oxygen production requires activation of a plasma membrane NADPH oxidase, and that the singlet oxygen acts upstream of ethylene production.
Results
Cle induces the activation of plasma membrane NADPH oxidase and the generation of singlet oxygen
We found that addition of Cle to cultured ginseng cells induced singlet oxygen generation (Fig. 1A) . Singlet oxygen was first detected 10 min after the ginseng cells were exposed to Cle [50 µg glucose equivalents ml -1 (µg glc equiv. ml -1 )], peaked at 30 min after treatment, and decreased to background by 120 min. This effect appeared to be dose dependent (Fig.  1B) , as a lower amount of Cle (10 µg glc equiv. ml -1 ) took 30 min to induce detectable amounts of singlet oxygen. However, treatment with 50 µg glc equiv. ml -1 Cle for 30 min ), histidine (10 mmol l -). (D) Effects of different treatments on Cle-induced activation of plasma membrane NADPH oxidase. Ginseng cells were pre-treated with different inhibitors or scavengers for 30 min prior to addition of Cle (50 µg glc equiv. ml -1 ) for 30 min. Plasma membranes were then prepared and plasma membrane NADPH oxidase activity assayed. The concentrations of inhibitors or scavengers were as in (C). Bar = SE (n = 5) induced the peak production of singlet oxygen, and this could not be increased further by addition of higher concentrations of Cle. We previously reported that Cle treatment could induce the activation of a plasma membrane NADPH oxidase and H 2 O 2 production, which could be suppressed by the plasma membrane NADPH oxidase inhibitors diphenylene iodonium (DPI) or pyridine (Hu et al. 2003d ). Here, we found that DPI and pyridine also suppressed Cle-induced production of singlet oxygen. A similar effect was seen with the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3 oxide (cPTIO). In contrast, the ACC synthase inhibitors aminooxyacetic acid (AOA) and aminovinylglycine (AVG) did not inhibit Cle-induced production of singlet oxygen, nor did the ethylene action inhibitor 1-metylcyclopropene (MCP) (Fig.  1C) . Cle-induced production of singlet oxygen could be suppressed to different degrees by addition of LaCl 3 (an inhibitor of plasma membrane calcium channels), ruthenium red (RR) (an inhibitor of intracellular cytosolic calcium stores), okadaic acid (OA) (a protein phosphatase inhibitor) and K252a (a protein kinase inhibitor). Histidine, long known to be an efficient and specific scavenger of singlet oxygen (Singh 1982 , Kukreja et al. 1991 , removed singlet oxygen as expected. Cle treatment also increased the activation of plasma membrane NADPH oxidase, and this activation could be suppressed by DPI, pyridine, LaCl 3 , RR or K252a pretreatment. cPTIO, MCP, AVG, AOA or histidine treatment did not block Cle-induced plasma membrane NADPH oxidase activity (Fig. 1D ).
Cle induces ethylene production
Cle treatment induced the production of ethylene in cultured ginseng cells. Addition of 50 µg glc equiv. ml -1 Cle induced ethylene release after about 3 h, with ethylene production reaching a maximum level after 18 h treatment ( Fig. 2A) , and then returning to background levels within 72 h (data not shown). Cle-induced ethylene production also appeared to be dose dependent, with 40 µg glc equiv. ml -1 Cle inducing maximum ethylene production (Fig. 2B) . Histidine substantially suppressed Cle-induced ethylene release and ACO activity, and pre-treatment with DPI, pyridine, LaCl 3 , RR, OA or K252a blocked Cle-induced ethylene production and ACO activity to different degrees, as did treatment with AOA or AVG (Fig. 2C,  D) . MCP had little effect on Cle-induced ethylene release. Together, these results indicate that Cle-induced synthesis of ethylene in ginseng cells was mediated by ACO. DPI, pyridine, cPTIO and histidine inhibited Cle-induced ethylene production and ACO activity. Rose bengal (RB) (1 mmol l -1 ), H 2 O 2 (10 mmol l -1 ) and NO (10 µmol l -1
) could also induce ethylene release and ACO activity to different degrees.
Cle induces transcription of the SQS and SQE genes, and expression of β-AS
We next examined gene transcription and protein expression involved in saponin synthesis. Our previous results showed that Cle treatment significantly induced transcription of the SQS and SQE genes, and the accumulation of β-AS (Hu et al. 2003b , Hu et al. 2003d ). Here, we found that Cle-induced transcription of SQS and SQE could be blocked by pre-treatment of ginseng cells with AOA, AVG, histidine, K252a, OA, EGTA, LaCl 3 , RR or DPI (Fig. 3A, C) . In addition, Western analysis showed that Cle treatment induced the accumulation of β-AS in ginseng cells (Fig. 4) . This accumulation could be suppressed by pre-treatment with AOA, AVG, histidine, DPI, pyridine, LaCl 3 , RR, EGTA, OA, K252a or cPTIO (Fig. 4) . The NO scavenger cPTIO could also suppress Cle-induced SQS and SQE transcription (data not shown). Interestingly, treatment of ginseng cells with ACC, RB, NO or H 2 O 2 alone induced transcription of SQS and SQE and was associated with accumulation of β-AS (Fig. 3B, 4) . Histidine substantially suppressed RB-induced transcription of SQS and SQE, but had no inhibitory effect on induction by ACC. Histidine could also partly reduce H 2 O 2 -or NO-induced SQS and SQE transcription (Fig. 3B) .
Cle induces the accumulation of saponin
We previously reported that Cle could induce the accumulation of saponin in cultured ginseng cells. Here, we found that pre-treatment with DPI, pyridine, cPTIO, LaCl 3 , RR, K252a, OA, AOA, AVG, MCP or histidine blocked the Cle-induced accumulation of saponin in cultured ginseng cells, while RB, ). Three days after the treatments, β-AS accumulation was assayed by Western blotting. The concentrations of chemicals were as in Fig. 1C and 3 . These experiments were repeated three times with similar results. C, control without treatment; H, histidine, Pyr., pyridine. Heat shock proteins were used as the loading control.
ACC, H 2 O 2 or NO could induce the accumulation of saponin (Fig. 5) . Histidine substantially suppressed RB-induced accumulation of saponin, but had less inhibitory effect on induction by ACC, H 2 O 2 or NO (Fig. 5) .
Discussion
Singlet oxygen is responsible for much of the physiological damage caused by ROS, including nucleic acid modification through selective reactions with deoxyguanosine (Sies and Menck 1992) . In animals and humans, the biological activity of singlet oxygen has been widely reported as being induced by stresses such as UV-A light or photodynamic therapy (Yuan et al. 1997 , Klotz et al. 2001 . In plants, singlet oxygen is also produced in chloroplasts when the absorption of light energy exceeds the capacity for photosynthesis (Fryer et al. 2002 , Hideg et al. 2002 , Camper et al. 2003 . In Arabidopsis, singlet oxygen does not act primarily as a toxin but rather as a signal that activates several stress response pathways (op den Camp et al. 2003) . In Arabidopsis seedlings, the formation of singlet oxygen can be lethal and inhibit growth (Wagner et al. 2004 ). Singlet oxygen can specifically trigger up-regulation of genes involved in the molecular defense response of plants against photo-oxidative stress (Krieger-Liszkay 2005), and light-induced singlet oxygen production and anti-fungal activity have been reported to be modulated by phenylphenalenone phytoalexins isolated from infected banana (Musa acuminata) plants (Lazzaro et al. 2004) .
Here, we showed that Cle, derived from fungal cell walls, could strongly induce the dose-dependent generation of singlet oxygen in cultured ginseng cells. These results are similar to our previous finding that Cle induces H 2 O 2 production in the same cells (Hu et al. 2003d ).
In animals and humans, activated polymorphonuclear neutrophil granulocytes can produce large amounts of singlet oxygen via activation of the respiratory burst (NADPH oxidase and myeloperoxidase), which mediates production of hypochlorite (NaOCl) and chloramines (N-chlorotaurine in particular), chloramines being selective and stable chemical generators of singlet oxygen (Stief 2003) . This means that NADPH oxidase is required for singlet oxygen production. In our experiments, Cle increased the activity of plasma membrane NADPH oxidase, and addition of DPI and pyridine, which suppress Cleinduced NADPH oxidase activity, blocked Cle-induced singlet oxygen generation. Therefore, it can be proposed that in our experimental system Cle-induced singlet oxygen is derived from the activity of a plasma membrane NADPH oxidase and the generation of H 2 O 2 . Histidine, which scavenges singlet oxygen, did not block Cle-induced activation of plasma membrane NADPH oxidase, supporting our hypothesis that singlet oxygen was produced downstream from H 2 O 2 . In addition to DPI and pyridine, the NO scavenger cPTIO also inhibited Cle-induced singlet oxygen formation, suggesting that NO also plays a role in the formation of singlet oxygen. Tarr and Valenzeno (2003) reported that NO and its derivatives can react with ROS to form singlet oxygen, and it is possible that a similar reaction happened in our experimental system, which would also explain why DPI or cPTIO has less of inhibitory effect on singlet oxygen formation than does histidine (Fig. 1C) . A potential reason why histidine can partly reduce H 2 O 2 -or NOinduced transcriptional levels of SQS and SQE and saponin synthesis is that direct treatment with H 2 O 2 or NO was also accompanied by singlet oxygen formation which activated the transcription of SQS and SQE, and saponin synthesis.
Our previous results showed that Cle-induced H 2 O 2 could activate the defense responses of ginseng cells, such as saponin synthesis (Hu et al. 2003d ). Here, we found that Cle-induced singlet oxygen also induced saponin synthesis, as shown by transcription of the SQS and SQE genes, and accumulation of β-AS (Fig. 3A, 4) . Suppression of Cle-induced singlet oxygen production by addition of DPI or histidine also suppressed the accumulation of saponin (Fig. 3A, C, 5) . Similarly, when RB was used to induce singlet oxygen production, SQS and SQE gene expression was induced and β-AS accumulated (Fig. 3B,  C, 4) , indicating that the increased levels of singlet oxygen were responsible for the saponin induction.
Cle treatment activated ACO and ethylene release. Inhibition of ACO activity suppressed Cle-induced ethylene release (Fig. 2C, D) , indicating that ethylene generation was dependent on the activation of ACO. Furthermore, inhibition of ACO activation or ethylene signaling blocked Cle-induced saponin synthesis, and ACC treatment directly induced saponin synthesis (Fig. 5) , indicating that ethylene also contributes to the mediation of Cle-induced saponin synthesis. Suppression of singlet oxygen production with DPI or histidine blocked both ethylene production and saponin synthesis (Fig. 1C, 2C , 5), whereas inhibition of ACO had no effect on Cle-induced production of singlet oxygen (Fig. 2C, D) ; inhibition of histidine also had no effect on ACC-induced SQE and SQS gene transcriptional level (Fig. 3B) . Together, these results indicate that singlet oxygen and ethylene are both required for Cle-induced synthesis of saponin, and that Cle-induced production of singlet oxygen functions upstream of Cle-induced ethylene production and saponin synthesis. We also found that histidine inhibited ACO activity more strongly than did DPI and pyridine (Fig. 2D) ; it is possible that H 2 O 2 , derived from plasma membrane NADPH oxidase, shows more contribution to singlet oxygen formation than that of other factors such as NO and its derivatives, which can also cause the accumulation of singlet oxide. As a result, the inhibitory degree of histidine is stronger than those of DPI and pyridine. We previously found that cytosolic calcium and protein phosphorylation/dephosphorylation are both required for Cle-induced H 2 O 2 production and saponin synthesis (Hu et al. 2003a , Hu et al. 2003b ). Here, we show that inhibiting the cytosolic calcium increase with either a plasma membrane calcium channel inhibitor (LaCl 3 ) or an intracellular calcium channel inhibitor (RR) suppressed Cleinduced singlet oxygen production and ethylene release (Fig.  1C, 2C) , these data indicating a requirement for calcium for singlet oxygen production and ethylene release. Finally, we found that OA and K252a both modulated Cle-induced singlet oxygen production and ethylene release (Fig. 1C, 2C ), indicating that both protein phosphorylation and dephosphorylation are essential for Cle-induced singlet oxygen production and ethylene release.
Materials and Methods

Plant cell cultures
The ginseng cell line used in this work was originally induced from the stem of P. ginseng C. A. Meyer. Suspension cultures of the ginseng cells were maintained on 67-V medium, supplemented with 1.5 mg l -1 dichlorophenoxyacetic acid (2,4-D), 1 mg l -1 indole-3-acetic acid (IAA), 0.1 mg l -1 naphthalene acetic acid (NAA) and 0.25 mg l -1 kinetin, with the pH adjusted to 5.8. The stock culture, grown in 100 ml flasks containing 50 ml of medium on a rotary shaker (110 rpm) at 24°C in the dark, was subcultured every 30 d. For experiments on the elicitor-induced responses of ginseng cells, 5 ml of cells from the stock culture was inoculated into 50 ml of fresh medium and incubated under the above conditions for 3 d. NADPH oxidase inhibitors or singlet oxygen scavengers were added to the cultures 30 min before elicitor addition. Preliminary experiments were carried out to demonstrate that these inhibitors themselves alone had negligible effects on cell growth and the following assays. Tack dimethylsulfoxide (DMSO), which is used to dissolve inhibitors, also has negligible effects on cell growth.
Preparation of fungal elicitor
The elicitor was prepared from C. lagenarium, cultured as reported previously (Hu et al. 2003d) . Crude elicitor was prepared by autoclaving washed fungal cell walls, and the elicitor concentration was determined by the anthrone method with glucose as the standard (Ayer et al. 1976 ).
Singlet oxygen assay
Singlet oxygen was extracted as reported (op den Camp et al. 2003) . In brief, ginseng cells treated with or without elicitor were collected at the indicated times and filtered (0.22 µm filter). For analysis of singlet oxygen production, 1 ml of the filtrate was collected and mixed with 1 ml of 10 mmol l -1 trans-1-(2′-methoxyvinyl)pyrene (Molecular Probes, Eugene, OR, USA), a singlet oxygenspecific probe (Posner et al. 1984) , and singlet oxygen concentration was measured with a fluorescence spectrometer. This assay is specific for singlet oxygen, and will not detect any other ROS (Teixeiraa et al. 1999) . To generate singlet oxygen, different concentrations of RB (Molecular Probes) were dissolved in water and used as standards for singlet oxygen measurement, since RB is a per-halogenated fluorescein derivative that is among the most efficient producers of singlet oxygen known (Lenard et al. 1993 ).
Preparation of plasma membrane and assay of NADPH oxidase activity
Plasma membranes were isolated from ginseng cells treated or not with Cle, according to the previously reported methods (Qiu et al. 1996) . Plasma membrane NADPH oxidase activity was assayed as previously described (Qiu et al. 1994 , Qiu et al. 1996 .
Assay of ethylene release and ACO activity
Ginseng cells were transferred to a 100 ml flask containing 50 ml of 67-V liquid culture medium, and the flask was sealed with a sterile rubber septum. A 1 ml gas sample was withdrawn via a syringe at each designated time point, and ethylene was measured by a gas chromatograph (model GC-3BF, Shimadzu, Columbia, MD, USA) equipped with an aluminum column and flame ionization detector. The column (1 m length and 2 mm diameter) was loaded with Al 2 O 3 (60-80 mesh). The gas flow was 30 ml min -1 N 2 and 30 ml min -1 air, the column temperature was 95°C, the injection temperature was 150°C and the detection temperature was 200°C. The cell material in each flask was harvested by filtration and weighed. For the ACO assay, 5 ml of suspended cells (approximately 5 g) were collected by vacuum filtration and homogenized in 10 ml of extraction buffer (100 mmol l -1 TrisHCl, pH 7.5, 10% glycerol, 5% PVP, 30 mmol l -1 sodium ascorbate, 0.1 mmol FeSO 4 and 5 mmol l -1 dithiothreitol). The slurry was centrifuged at 12,000×g for 15 min at 4°C, and the supernatant used as the protein extract for ACO activity measurement. Samples (0.1 ml of pro-tein extract) were incubated at 30°C in sealed 10 ml glass tubes containing 0.9 ml of assay buffer (100 mmol l -1 Tris-HCl, pH 7.5, 10% glycerol, 30 mmol l -1 ascorbate, 0.1 mmol FeSO 4 , 30 mmol l -1 NaHCO 3 and 1 mmol l -1 ACC), and ethylene production was measured as above. The concentration of protein was determined by the Bradford method, with bovine serum albumin as the standard.
Saponin content assay
Ginseng cells were treated with elicitor for 3 weeks, 20 ml of cell suspension was collected, an equal volume of butanol was added and the samples were homogenized. After filtration (Xinhua filter, Shanghai, China), the collected residues were homogenized twice with 10 ml of butanol. The filtrates were collected, combined and evaporated to dryness at 60°C under reduced pressure. The extract was dissolved in 3 ml of ethanol, and the total saponin content was determined as previously described (Zhong and Wang 1998) . For inhibitor treatment, different inhibitors were added to ginseng cell suspensions 30 min prior to Cle treatment, and then cells were incubated for 3 weeks and assayed for saponin content.
RNA extraction and Northern blotting
Total RNA was extracted as described (Hu et al. 2003a ) after elicitor or inhibitor treatment for 12 h, and samples were stored at -70°C until use. The RNA samples were separated on a 1.2% formaldehyde-containing agarose gel and transferred by pressure blotting to a Hybond-N membrane (Amersham Pharmacia Biotech, Amersham, UK). The membrane was incubated at 62°C for 1 h in hybridization buffer (provided by the Dig DNA Labeling and Detection Kit) for prehybridization. Probes consisted of SQS (GenBank accsession No. AB01048; sequence: 157-533) and SQE (GenBank accession No. AB003516; sequence: 921-1282), and were labeled with the Dig DNA Labeling and Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany), according to the manufacturer's protocol. A 18S RNA probe from rice was used as the loading control. The membranes were hybridized with the probes overnight at 62°C, and then visualized following the manufacturer's instructions.
Total protein extraction and Western blotting
Cell samples treated with and without elicitor or inhibitor for 72 h were collected by vacuum filtration and homogenized in 100 mmol l -1 Tris-HCl buffer, pH 6.5, containing 30% sucrose, 10% mercaptoethanol and 0.001% bromophenol blue. The resulting homogenate was boiled for 10 min, and total proteins were extracted by centrifugation at 10,000×g for 10 min. The total proteins were separated by 12% SDS-PAGE (30% acrylaminde/0.8 bisacrylamide), and Western blotting was carried out as described by Bradley et al. (1992) , using rabbit anti-ginseng β-AS (GenBank accession No. AB009330, Kushiro et al. 1998) antibody (Hu et al. 2003c ) diluted to 1 : 1,000. The primary antibody was detected with a mouse anti-rabbit IgG conjugated to horseradish alkaline phosphatase secondary antibody (1 : 20,000 dilution), and the hybridized protein band detected with 4-NBT (4-nitroblue tetrazolium chloride) and BCIP (5-bromo-4-chloro-3-indolyl-phosphate). Heat shock proteins (from Sigma Chemical Co., St Louis, MO, USA) were used as the loading control.
